Export of LDL-derived cholesterol from lysosomes requires the cooperation of the integral membrane protein Niemann-Pick C1 (NPC1) and a soluble protein, Niemann-Pick C2 (NPC2). Mutations in the genes encoding these proteins lead to Niemann-Pick disease type C (NPC). NPC2 binds to NPC1's second (middle), lumenally oriented domain (MLD) and transfers cholesterol to NPC1's N-terminal domain (NTD). Here, we report the 2.4-Å resolution crystal structure of a complex of human NPC1-MLD and NPC2 bearing bound cholesterol-3-O-sulfate. NPC1-MLD uses two protruding loops to bind NPC2, analogous to its interaction with the primed Ebola virus glycoprotein. Docking of the NPC1-NPC2 complex onto the full-length NPC1 structure reveals a direct cholesterol transfer tunnel between NPC2 and NTD cholesterol binding pockets, supporting the "hydrophobic hand-off" cholesterol transfer model. cholesterol trafficking | Ebola virus glycoprotein | Niemann-Pick type C disease | crystal structure C holesterol is delivered to cells by LDL particles that carry cholesterol in esterified form to peripheral tissues (1) . LDLs are recognized by cognate, cell-surface receptors and transported to endosomes and lysosomes by receptor-mediated endocytosis; there, acid lipase converts cholesterol esters to free cholesterol (2) . Two lysosomal proteins are required for cholesterol export from lysosomes: Niemann-Pick C1 (NPC1) and Niemann-Pick C2 (NPC2) (3) . Loss-of-function mutations in either of these proteins produce a fatal lysosomal storage disease that leads to premature death due to accumulation of cholesterol and glycosphingolipids in lysosomes throughout the body, especially in liver, spleen, lung, and brain. NPC1 is also an essential component for productive infection by Ebola and Marburg viruses (4, 5) .
The NPC1 glycoprotein has 13 transmembrane domains and three relatively large, lumenally oriented domains. The first, N-terminal lumenal domain (NTD) contains a cholesterol binding site (6, 7) ; the second (middle) lumenal domain (termed here MLD) binds NPC2, presumably to assist in the transfer of cholesterol from NPC2 onto NPC1 protein (8). NPC1's MLD is also important for cellular infection by Ebola and Marburg viruses because it interacts directly with the cleaved glycoprotein (GP) to permit viral escape from the lysosome into the cytoplasm (9) (10) (11) .
NPC2 is a small, soluble protein that binds cholesterol from within the lysosome lumen (12) and transfers it to the sterolbinding pocket of NPC1's NTD (13, 14) . Cholesterol binds NPC2 with its isooctyl chain buried in the pocket and its hydroxyl group exposed (12) . In contrast, cholesterol binds to NPC1's NTD with its hydroxyl group buried (14) . Infante et al. (13) showed that NPC2 binds and releases cholesterol rather quickly, whereas NPC1's NTD does so more slowly, especially at 4°C. Importantly, the rate of cholesterol binding to NPC1's NTD increases more than 15-fold when the sterol is first bound to NPC2 and then transferred. These data support a "hydrophobic hand-off" transfer model in which NPC2 binds cholesterol in the lysosome lumen and then binds to NPC1 to deliver cholesterol to NPC1's NTD; transfer of NTD-bound cholesterol to NPC1's transmembrane domain follows, to achieve sterol export from lysosomes (14) . Also supporting this transfer model was our finding that NPC2-bearing cholesterol can bind to NPC1's MLD at acidic pH (8) . The presence of a conserved, "sterol-sensing" domain within NPC1's membrane spanning portions has implicated these sequences as possible sterol acceptors (15, 16) . Indeed, recent crystal (17) and cryo-EM (18) structures of human NPC1 have provided a structural foundation to inform this transfer model.
Here, we present the crystal structure of the NPC1-MLD bound to NPC2 at 2.4-Å resolution. Docking of this structure onto full-length NPC1 reveals a cholesterol transfer tunnel between NPC2 and NPC1-NTD and provides a satisfying structural basis to explain cholesterol transfer between NPC2 and NPC1 proteins.
Results
We used bacterial expression to produce human NPC1-MLD (residues 374-620) as insoluble inclusion bodies. After denaturation and refolding, the resulting soluble protein eluted as a monodisperse peak upon size-exclusion chromatography. Full-length human NPC2 was expressed using the baculovirus-mediated gene transduction of mammalian cells (BacMam) system. Purified, glycosylated NPC2 protein migrated as a broad band upon SDS/ PAGE. After deglycosylation, NPC2 migrated as a single, sharp band and behaved well upon gel filtration. NPC1-MLD and NPC2 were incubated together at a final concentration of 100 μM in the Significance Niemann-Pick C1 (NPC1) and Niemann-Pick C2 (NPC2) cooperate in the export of LDL-derived cholesterol from lysosomes; mutations in these proteins lead to Niemann-Pick type C disease. We present here the crystal structure of an NPC1-NPC2 complex and show that the amino acid residues that are important for this interaction in vitro are also important for cholesterol export from lysosomes of cultured cells. These data provide key information related to the mechanism by which these proteins catalyze cholesterol transport and form the basis for a molecular model for how cholesterol is transferred from NPC2 onto NPC1 protein.
Author contributions: X.L. and S.R.P. designed research; X.L., P.S., and J.L. performed research; X.L., P.S., J.L., G.B., and S.R.P. analyzed data; and X.L., G.B., and S.R.P. wrote the paper. J.L.G., University of Texas Southwestern Medical Center; and B.P., National Institutes of Health.
presence of 500 μM cholesteryl sulfate for 1 h, before crystallization screening. The complex structure was determined at a resolution of 2.4 Å by molecular replacement using previously determined NPC2 and NPC1-MLD structures (Table S1 and Fig. S1 ).
In the asymmetric unit, two MLDs form a homodimer and each MLD binds one NPC2 molecule (Fig. S1 ). The structure of the complex reveals that NPC1-MLD binds the top of the NPC2 sterol-binding pocket ( Fig. 1 A and B and Fig. S2 ). Docking this complex onto the full-length NPC1 cryo-EM structure revealed spatial proximity between NPC2 and the NTD and a longer distance for NPC2 to reach the C-terminal, lumenal domain or transmembrane domain. There is ∼90 Å between NPC2 and the lysosome's limiting membrane.
Two protruding loops of the NPC1-MLD comprise the predominant binding interface between this domain of NPC1 and NPC2 ( Fig. 1 A and B and Fig. S3) ; the interaction surface area of the two proteins is about 500 Å 2 . Residue Q421 from protruding loop 1 forms a hydrogen bond with Q146 of NPC2 (Fig.  1D , at left); NPC1 residue Y423 interacts with NPC2 residue M79 (Fig. 1D) . In NPC1 MLD's protruding loop 2, two residues (F503 and F504) are the most significant contributors to hydrophobic interactions with NPC2. NPC1's Y506 also contributes a hydrophobic interaction with M79 of NPC2 (Fig. 1D) , a residue previously reported to be important for the interaction of NPC2 with NPC1's NTD (19) .
The NPC2-NPC1 MLD complex structure explains the previously reported cholesterol dependence of this interaction (8) .
Comparison of NPC2 structures with and without bound cholesterol sulfate reveals a significant shift in the orientations of the side chains of K25, M79, K123, and Q146 (12) (Fig. S4) . These side chains are major contributors to the interface between NPC1-MLD and NPC2 (Fig. 1 C and D) . It is noteworthy that in the absence of cholesteryl sulfate, the orientation of NPC2 K123 may have the potential to interfere with optimal NPC1-MLD interaction (Fig.  S4) . The orientations of NPC2 side chains K25, K123, and Q146 in the NPC1 MLD-NPC2-cholesteryl sulfate structure are similar to that seen in the structure of NPC2-cholesteryl sulfate (12) and indicate that cholesterol binding likely enhances interaction with NPC1 MLD via this interface.
NPC1 uses a similar mode of interaction to bind NPC2 and Ebola GPcl ( Fig. 2A and Fig. S3 ), although the interaction surface area of 500 Å 2 for NPC2 is somewhat smaller than that used A B D C by GPc1 (685 Å 2 ; refs. 10 and 11). In the MLD-GPcl complex, seven residues in loop 1 and six residues in loop 2 participate, creating an extensive interface that could explain why the MLD binding affinity for GPcl is approximately eightfold higher than that seen with NPC2 (18) . The majority of the NPC1 MLD in the MLD-NPC2 complex can be aligned with the MLD-GPcl complex with an rmsd of 0.614 Å. Due to crystal packing, α-helix 1 is rotated by 90° (Fig. 2A) . Another major difference between the two MLDs is seen when one compares the orientations of loops 1 and 2. The positions of loop 1 residue P424 Cα atoms differ by 5.8 Å between these structures; the Cα atoms of loop 2 residue F503 differ by ∼5 Å (Fig. 2B) . Compared with the orientation of the MLD in the NPC1 crystal structure (17), MLD alpha helix 1 and the two loops also assume an alternate conformation (Fig. 2C) . The conformation of the two MLD loops in the cryo-EM NPC1 structure (18) was modeled after MLD-GPcl and may not have detected this difference.
In previous work, we showed that NPC1's MLD binds surfaceimmobilized NPC2 with an affinity of ∼2 μM as determined by surface plasmon resonance, at pH 5.5 in the presence of cholesterol sulfate that can bind to NPC2 (8) . Here, we used microscale thermophoresis to measure the binding affinity between the murine NPC1 (mNPC1) MLD and NPC2 in solution, under otherwise similar conditions. These experiments used fluorescent, bovine NPC2 (NT647 dye-conjugated) and monitored its interaction with soluble, mammalian cell-expressed MLD constructs. Control experiments indicated that the bacterially and mammalian cell-expressed MLD's bound NPC2 with essentially identical affinity.
Wild-type mNPC1 MLD bound NPC2 with a K d of 429 ± 89 nM under these conditions (Fig. 3A) . Mutation of residue Y506 did not alter the binding affinity significantly; however, mutation of residues F503 and Y504 (F504 in human) decreased binding affinity fourfold to 1.7 μM (Fig. 3B) . Introduction of either of two additional mutations, E421A (Q421 in human) and D502A (E502 in human), yielded a protein with more than a sevenfold decrease in affinity for NPC2 protein (Fig. 3 C and D) . These in vitro binding assays confirm the importance of the MLD loops in contributing to the NPC2 binding interface.
To verify the physiological importance of NPC1 MLD residues predicted to mediate NPC2 binding from the complex structure we introduced MLD mutations into the closely related, full-length mNPC1 membrane protein and tested whether the mutant proteins could rescue the cholesterol accumulation phenotype seen in NPC1
−/− cells (20) . In these experiments, cholesterol accumulation was monitored using Alexa 647-conjugated Perfringolysin O* that binds cholesterol directly (20) .
First, we verified that mNPC1-F503A/Y504A was correctly localized to lysosomes upon expression in HeLa cells (Fig. 4A) . This is important, because many NPC1 mutations interfere with proper folding and export from the endoplasmic reticulum. Colocalization with endogenous lysosome-associated membrane protein 2 (LAMP2) confirmed that the mutant NPC1 protein was indeed correctly delivered to lysosomes. Despite its proper subcellular localization, mNPC1-F503A/Y504A could not rescue cholesterol accumulation seen in NPC1 −/− cells, scored by quantitative flow cytometry (Fig. 4 B and C) or by immunofluorescence light microscopy (Fig. 4D) . These data confirm the physiological importance of F503 and Y504 in NPC1 function in cells and correlate the ability of NPC1 MLD residues to bind NPC2 as part of the overall, NPC1-driven cholesterol export process.
Discussion
The recent elucidation of the structure of NPC1, by protein crystallography (17) and cryoelectron microscopy (18) , represents an important advance in terms of our determining the mechanism by which NPC1 might export cholesterol from lysosomes. Here, we have provided clues to how NPC1 may receive cholesterol from NPC2, a critical lysosomal cholesterol solubilizing and transport factor. Consistent with our previous cellular and biochemical studies implicating a role for NPC1's middle lumenal domain in engaging NPC2 protein, the structure of a complex of the MLD with NPC2 protein-bearing cholesterol reported here has identified the precise interface needed for this interaction. Mutagenesis of the key residues has demonstrated their importance for NPC1-NPC2 interaction in vitro and NPC1's ability to clear cholesterol from lysosomes in cultured cells. The interface between NPC2 and NPC1's MLD explains why this interaction shows preference for NPC2 carrying bound cholesterol.
Previous work has provided the crystal structures of both NPC2 (12) and NPC1-NTD with bound sterol (14) , and others have tried to model the interface between these proteins by model building and molecular dynamics simulation (19, 21) . Instead, we have docked the crystal structure of the NPC1-MLD-NPC2 complex onto the NPC1 cryo-EM structure (Fig. 5A ). In this model, the orientations of sterol molecules in the NPC2 and NPC1-NTD pockets are compatible with molecular transfer: the distance between the two pockets is about 15 Å (Fig. 5A, state 1 ) and NPC1 would be capable of receiving NPC2-bound cholesterol by first engaging NPC2 using NPC1-MLD sequences.
Although the two NPC1-MLD protruding loops can present distinct conformations (Fig. 2 B and C) , the Cα distances between Y423, P424, F503, and F504 are quite similar and suggest that they might move as a rigid body. Indeed, superposition of the two loops onto the full-length structure brings NPC2 closer to the NTD and may reflect a conformation competent for cholesterol transfer (Fig. 5A, state 2) . In this state, the two cholesterol-binding pockets can be aligned to form a cholesterol-transfer tunnel (Fig. 5B) , although the angle of this interaction is more acute than previous proposals (19, 21) . The proximity and interaction of these pockets could trigger sterol transfer from NPC2 to NPC1's NTD, consistent with biochemical data that suggest that NPC2-NPC1 interaction catalyzes this process (13) . It is important to note that NPC2 binding to NPC1 may trigger a conformational change(s) that reorients NPC1 NTD into a more planar configuration in relation to NPC2 to accomplish actual cholesterol transfer, as previously modeled (19, 21) . Alanine scanning mutagenesis identified three NPC2 residues, M79, V81, and V83, as being needed for cholesterol transfer from NPC2 to NPC1's NTD, but not for cholesterol binding; P120 influenced cholesterol binding (19) . Similarly, NPC1-NTD mutations L175/L176 and E191/Y192 abolish cholesterol transfer from NPC2 to NPC1-NTD (14) . In our model, NPC2's P120 is close to NPC1 NTD's K179, D180, and D182 (Fig. 5C ). NPC2's M79 could potentially bind NPC1-NTD residue L175. Moreover, NPC2's V81 and V83 could provide a hydrophobic environment for interaction with an NPC1-NTD loop containing G199 and Q200. Interestingly, Y192 is in the center of the tunnel, which positions it in a perfect location to serve as a switch for cholesterol transfer (Fig. 5C ).
Storch and coworkers have identified other regions of NPC2 that are also important for NPC2 function in cholesterol export (22, 23) ; these domains may interact with bis(monoacylglycerol)phosphate and/or other lipids within the lysosome lumen to facilitate initial cholesterol acquisition.
The structural observations reported here support further, the "hydrophobic hand-off" transfer model between NPC2 and NPC1 (14) . After binding cholesterol, NPC2 undergoes a subtle conformational change (12) that enhances its binding to the NPC1-MLD. Additional interaction of NPC2 with NPC1's NTD could then swing the two MLD protruding loops slightly. This would orient the NPC2 pocket directly adjacent to NPC1's NTD cholesterol-binding pocket to form a cholesterol transfer tunnel (Fig.  5B) . Cholesterol could then move through this tunnel, from NPC2 to NPC1's NTD. After transfer, NPC2's K25, M79, K123, and Q146 may revert to their apo-NPC2 conformations, which would release NPC2 for another round of cholesterol capture.
The cryo-EM structure was not able to provide information regarding the structures and positioning of either the first transmembrane domain (TM1) or the very long polypeptide linker that connects it to TM2 and the rest of the NPC1 protein (18) . It is therefore possible that after cholesterol binding, the polyproline segment located between the NPC1-NTD and TM1 reorients in such a way as to make it possible for cholesterol delivery to the sterol binding pocket identified in the sterol sensing domain (17) . Altogether, the NPC2-NPC1 transfer system can facilitate cholesterol transfer across the lysosomal glycocalyx (∼8 nm; ref. 20) and initiate a "pocket brigade" for cholesterol transport (17) .
Finally, our structure has shown that NPC2 interacts with NPC1 using an interaction interface that is similar to that used by the Ebola virus GP. At slightly acidic pH (∼6), the viral GP binds to NPC1 approximately eightfold more tightly than to NPC2 in vitro (18) . This feature may permit the virus to outcompete NPC2 to achieve productive infection and might also block cholesterol export in infected cells. How the sterol-related compound, 
